Octopus arms are extremely dexterous structures. The special arrangements of the muscle fibers and nerve cord allow a rich variety of complex and fine movements under neural control. Historically, the arm structure has been investigated using traditional comparative morphological ex vivo analysis. Here, we employed ultrasound imaging, for the first time, to explore in vivo the arms of the cephalopod mollusc Octopus vulgaris. Sonographic examination (linear transducer, 18MHz) was carried out in anesthetized animals along the three anatomical planes: transverse, sagittal and horizontal. Images of the arm were comparable to the corresponding histological sections. We were able, in a non-invasive way, to measure the dimensions of the arm and its internal structures such as muscle bundles and neural components. In addition, we evaluated echo intensity signals as an expression of the difference in the muscular organization of the tissues examined (i.e. transverse versus longitudinal muscles), finding different reflectivity based on different arrangements of fibers and their intimate relationship with other tissues. In contrast to classical preparative procedures, ultrasound imaging can provide rapid, destruction-free access to morphological data from numerous specimens, thus extending the range of techniques available for comparative studies of invertebrate morphology.
INTRODUCTION
Cuttlefish, squid and octopus show striking modifications of the molluscan bauplan (Packard, 1972; Runnegar and Pojeta, 1974; House, 1988) : the shell is greatly reduced or lost, the mantle is coopted for new functions, and the ventral foot is modified into prehensile arms. The extremely flexible arms, arranged around the mouth to form a brachial crown, are of particular advantage for predators like cephalopods. They are effectively used to obtain and manipulate prey during feeding (Packard, 1972; Wells, 1978; Hanlon and Messenger, 1996; Grasso, 2008) .
Animals use their arms to perform a rich variety of complex movements with high performance and sophisticated neural control (Chichery and Chichery, 1988; Gutfreund et al., 1996; Sumbre et al., 2001; Huffard et al., 2005; Sumbre et al., 2005; Finn et al., 2009 ). The complexity of maneuvers, and postural and locomotor capabilities of the cephalopods' eight arms reach their pinnacle in octopuses. In these species each one of the eight arms can elongate, shorten, twist, bend and exert considerable force (Dilly et al., 1964) . The extreme variety of movements achieved in the octopus largely contributes to the complexity of its behavioral repertoire (Mather 1998; Borrelli et al., 2006) .
The complexity of these maneuvers, in the absence of any hard skeletal elements, represents a source of inspiration for engineers and roboticists with the aim of designing a new class of highly dexterous bioinspired robots (Walker et al., 2005; Laschi et al., 2009) .
Cephalopod arms function in the absence of any hard skeletal structure, and are defined as muscular hydrostats (Kier, 1982; Kier and Smith, 1985) . Arms of all coleoids show a similar design; they are essentially composed of a three-dimensional arrangement of muscle fibers surrounding a central axis occupied by a nerve cord (Kier and Smith, 1985; Kier, 1985) .
A relevant body of knowledge is available on the morphology of the octopus arm (Cuvier, 1817; Colasanti, 1876; Guérin, 1908; Graziadei, 1971; Kier and Stella, 2007) . Briefly, each arm is composed of a series of fibers assembled along three dimensions: perpendicular to the long axis (transverse muscle), parallel to the long axis (longitudinal muscle), and helical or oblique around the long axis (helical or oblique muscles). The complexity of the structure of an octopus arm has been deduced through a series of studies applying different morphological approaches.
Here, we employed ultrasound imaging for the first time to explore in vivo the arms of Octopus vulgaris. Our aim was to identify internal parts of the arms in living animals as they appear in the classic morphological post mortem studies, thus discriminating the different assemblage of muscular structures in vivo. The final goal was to promote a new experimental approach by using the ultrasound technique, which may assist in reaching internal targets and, consequently, reducing the impact of surgery and also improving accuracy. In addition, this approach may reveal changes in muscle thickness during contraction and relaxation of different fibers. in this study. Animals were maintained in tanks under conditions similar to those described by Fiorito et al. (Fiorito et al., 1990) . Octopuses were fed a live crab (Carcinus mediterraneus) every other day.
Anesthesia
Animals were anesthetized by immersion in an anesthetic solution (3.5% MgCl 2 in sea water) (see Messenger et al., 1985) . Five minutes of anesthesia were sufficient to minimize the spontaneous movements of the animal; 10min were required for the animal to be completely relaxed; 15min in the anesthetic solution completely stopped the octopus breathing, while 30min were necessary to reach deep anesthesia (Grimaldi et al., 2007) . Ultrasound examination was carried out in completely relaxed octopuses (i.e. 10min anesthesia).
Sonographic approaches
We used an Esaote MyLab TM Five VET ultrasound imager (Genoa, Italy) with an LA435 transducer (18MHz). The axial and lateral resolution limits of the equipment were 0.085 and 0.104mm, respectively. Ultrasound examination was carried out in a small circular chamber filled with 3l of anesthetic solution into which each octopus was transferred. Measurements were made using a device described elsewhere (Grimaldi et al., 2007) . In brief, the device had a circular base (diameter, 39cm), which was placed on the examination tank, and a central rectangular opening into which a holder (where the transducer was fixed) could be placed and moved horizontally (movement range, 13cm) to allow scanning of animal. All sonographic images were stored for further analysis.
Examination of the arms and measurement of the dimensions of different parts was done in real time (2D mode) using images in which the profile of the arms was completely and clearly outlined (Goldstein et al., 1987; Zagzebski, 1996) . All systemsetting parameters, such as gain (79%), dynamic range (11), sharpness (3) and depth (3cm) were kept constant throughout the sonographic examination. In addition, we fixed the exact site of any measurement at a given anatomically defined location, for each arm, in order to ensure replicability in different individuals and to identify samples to be processed for histology. Timing was standardized in order to allow examination of the arms in the same relaxed conditions. Three sonographic scanning planes were utilized on the basis of the proximo-distal axis of the arm: transverse, horizontal and longitudinal. In the transverse plane the probe was perpendicular to the longitudinal axis of the arm, and moved from the proximal to the distal end. Sagittal sections were obtained with the probe parallel to the longitudinal axis (latero-lateral extension). Finally, the horizontal scanning started from the ventral side (suckers) by moving the probe towards the dorsal side of the arm. The digital calipers were positioned on the outline of each identifiable muscle bundle. The reproducibility of ultrasonographic measurements was assessed over 2 consecutive days by measuring the extension of the transverse fibers (transverse plane) and nerve cord (sagittal and horizontal planes), keeping the anatomical location of a given arm of the same individual constant (see Grimaldi et al., 2007) .
In a few instances, ultrasound examination was carried out on live, unrestrained animals to visualize the arm in its dynamic state.
Internal morphology
Animals (N3) were deeply anesthetized as described above and a proximal part of the right anterior arm (R1; about 50mm length) was dissected. Samples were immediately fixed overnight in 4% paraformaldehyde (in 0.1moll -1 phosphate buffer, pH7.6, osmolarity controlled). They were then dehydrated in ethanol and embedded in paraffin. Blocks were sectioned by a rotary microtome (Leica RM2245); serial sections (10m) were obtained in the three planes, collected on chrome-alum-gelatin-coated slides, and stained with Picro Ponceau (see Kier, 1992) .
Measurement of echo intensity
The mean echo intensity was determined following the method of Scholten and colleagues (Scholten et al., 2003 ) (see also Pillen et al., 2009) in selected areas of interest, using ImageJ (Abramoff et al., 2004) . Independent-sample t-test was applied to mean intensity values in order to evaluate whether muscle fibers arranged in different bundles show significant differences in their relative echo intensity.
Statistical analysis was done using the SPSS package for Windows 18 (SPSS Inc., Chicago, IL, USA).
RESULTS
In Fig.1 , typical sonographic images of the octopus arm are shown and compared with histological sections corresponding to the same anatomical plane. In the transverse plane we could see the entire arm (Fig.1A,B) . Its external outline is clearly visible with the skin and its folds (see Fig.1G , s) appearing bright. Medially, two bundles of longitudinal muscle fibers are visible (dorsal and ventral; see Fig.1G , l); they appear darker than other structures. Below the dorsal longitudinal fibers, an H-shaped structure (transverse fibers; see Fig.1G , t) of similar echo intensity appears, well defined by bright borders. On both sides of the 'H', and to complete the circular shape of the arm in this plane, another set of longitudinal muscles is revealed (see Fig.1G, l) .
Longitudinal fibers are mixed with laminae of fibrous connective tissue, i.e. trabeculae (Fig.1 ) (see also Kier and Stella, 2007) . In the lateral longitudinal bundles, the trabeculae appear as parallel reflecting sheets which provide higher values of echo intensity when compared with the dorsal and ventral longitudinal bundles. Indeed, in the dorsal and ventral areas, trabeculae are arranged along the dorso-ventral axis of the arm and their reflectance is not detected by the probe. This results in different values of echo intensity. Finally, external oblique muscles are visible (see Fig.1G, o) . In addition, median and internal oblique muscles are recognized during scanning by their lower echo intensity relative to surrounding structures. In the center of the arm two structures with higher echo intensity are revealed: the artery (see Fig.1G , a) and nerve cord (see Fig.1G , n), dorsal and ventral, respectively. Sonographic scanning also detects the two axon tracts within the nerve cord, below the artery. Finally, above each sucker (see Fig.1G , sk) a bright line is visible corresponding to the brachial ganglion.
In this plane, as the scanning proceeds along the arm, the sinusoidal arrangement of the nerve cord appears as a result of the relative position of the brachial ganglia of two paired suckers.
In the longitudinal plane, the sonographic examination reveals the same structures as described above, from the skin to the external oblique and longitudinal fibers (Fig.1C,D) . As the scan proceeds, the transverse muscles are identified and became distinguishable from the longitudinal ones by their different reflectivity (image not shown). When approaching the centre of the arm, the artery and the nerve cord are clearly visible; in addition, the serial arrangement of the brachial ganglia becomes evident, corresponding to the suckers of the same side. This confirms the sinusoidal arrangement of the nerve cord along the arm (Graziadei, 1971) . Finally, on the ventral side the longitudinal muscles appear quite distinct from the intrinsic musculature of the sucker.
In the horizontal plane, as the scanning proceeds along the arm (dorsal to ventral), structures with different echo intensity are revealed and easily compared with histological sections (data not shown). Among the different scans, the image where the internal structures of the arm are easily identifiable is the medial one (Fig.1E,F) . In this picture, from side to side, external, medial and internal oblique muscles are clearly distinguished by their reflectivity in respect to other structures. Longitudinal and transverse fibers are also revealed. It is in this plane that the sinusoidal arrangement of the nerve cord is maximally evident.
Following Grimaldi et al. (Grimaldi et al., 2007) , sonographic measurements of muscle bundles and ganglia of the nerve cord were correlated with those determined post mortem in histological sections (Fig.2 ). Significant Pearson's correlations were obtained for measurements of muscle thickness, muscle cross-sectional area and extension, and area of a ganglion in the nerve cord (Table1).
In addition, values of muscle echo intensity measured in the three scanning planes were also determined (Table2). In our conditions, longitudinal and transverse muscle fibers appear significantly different (P<0.001, after t-test; see Table2) in all three planes and also when longitudinal lateral (including trabeculae, in transverse and horizontal planes) or dorsal longitudinal (sagittal plane) fibers are considered.
Ultrasonographic scans were also achieved on the arms of freely moving, un-anesthetized octopuses, revealing the structures during dynamic action (see supplementary material Movies1 and 2). 
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DISCUSSION
Here, we applied a non-invasive method to identify and distinguish internal parts of the arm of O. vulgaris. Ultrasonographic scanning on the three anatomical planes allowed the identification of different structures as they appear in the classic morphological study. The dimensions of the arm and its structures, obtained by an ultrasonographic approach and post mortem appeared to be significantly correlated. This provides the possibility of evaluating differences between arms of the same and/or different individuals. In addition, we also determined muscle echo intensity, finding different reflectivity on the basis of the arrangement of fibers and their intimate relationship with other tissues. As in other studies, our data confirmed the strong correlation between muscle structure and muscle echo intensity (Scholten et al., 2003; Pillen et al., 2009 ).
Our approach is based on a common practice in ultrasound examination in higher vertebrates and it allows, for the first time, quantitative analysis of images in an invertebrate. However, it is crucial that all system parameters and settings are constant in every measurement. In our conditions, for each arm we used the exact same site of measurement, at an anatomically defined location, in order to ensure that different individuals could be compared. We also standardized the timing of ultrasound examination by keeping animals in the anesthetic solution for the same length of time; this allowed the examination of arms in the same relaxed conditions. Similar to other studies (e.g. Pillen et al., 2009) , measurements obtained in our study of an octopus arm are very weakly influenced by changes in probe position because of the constancy and standardization of the sonographic examination. Therefore, we suggest that the variance in echo intensity we observed corresponds to differences in the structures within the octopus arm (e.g. connective tissue in the lateral longitudinal fibers).
In order to potentially measure changes in muscle thickness and/or echo intensity due to, for example, active contraction of the arm, it will be crucial to reach the exact scanning plane with reference to the anatomical position.
Ultrasonography has already been applied on cephalopods to examine internal structures, like inside the mantle (Davenport, 1993; King et al., 2005; King and Adamo, 2006) or the brain (Grimaldi et al., 2007) . Ultrasound is thus confirmed to be a powerful tool that allows investigation of the behavior, physiology and biomechanics of the arm in the living animal, by a non-invasive method. In this way it is possible to understand the real characteristics of a structure, preserving its properties and observing it under natural conditions.
